Summary. Calcium-deficient carbonate apatites in urinary calculi from 17 patients have been studied. Magnesium ions in each case were detected as a component of apatite. In most of the cases, CO~-ions were included in the apatitic lattice. Using a calcination procedure, we have determined the most probable average value for the CO.~-content, degree of deficiency, x, and the Mg/Ca ratio in each sample.
Introduction
Carbonate apatite is a common component of bones and other calcifications, whether pathological or not, of humans and many animals. There have been doubts and controversies about the true chemical and structural formula of the carbonate apatite, even though a model has recently been presented [1] [2] [3] which seems to be in agreement with all experimental data. Besides the carbonate ions, biological apatites contain other ions included in their structures which have to be taken into account when the chemical formulas of these apatites are established.
To determine the true chemical formula of aparites in biological systems, one cannot use conventional methods such as atomic absorption spectrometry and wet chemical analysis because of the usual presence of compounds other than apatites, which contain calcium and/or phosphorus. It is our purpose here to present a method for determining the approximate chemical formula of biological aparites. This method is based on heating the samples at temperatures above 700~ which is the critical Send ~pt'int requests to P.F. Gonzalez-D/az at the above address.
temperature to form B-calcium orthophosphate from nonstoichiometric hydroxyapatite. It is considered that only three variables--the CO3 content, the proportion of magnesium with respect to calcium, and the intrinsic degree of nonstoichiometry of apatites--determine the chemical composition of these compounds. Apatites may also contain F, CI, and Br, mostly as substituents of the OH groups [4, 5] . The presence of these ions in apatites can be detected by well-characterized infrared shifts in the apatitic OH-stretching band [6] . Since in the infrared spectra of our calcinated samples no such shifts have been noted, it is thought that F, CI, and Br are not present in significant proportions in the apatites of urinary calculi. Although other variables, such as citrate, Na and Fe, are quite less decisive for establishing the chemical formula of apatite, they will be the subject of our future attention.
In what follows, we first study the separate effect that each of the selected variables has on the calcination products of apatites; then quantitative methods for determining the three variables are established: and finally, the joint quantitative study of all above effects, as applied to the biological samples, is carried out.
Materials and Methods
Urinary calculi, whose main component is calcium apatite in an average proportion of around 90% by weight, from 17 patients were selected and immediately air dried. Atomic absorption spectrometry and wet chemical analysis indicated that the significant atomic ratios, namely, the Ca/P and OH/P ratios, fall within the appropriate ranges for apatites [7] or for apatites containing CO~ [8] . In the light of the IR spectra and X-ray diffraction patterns, magnesium ammonium phosphate (with or without ammonium acid urate} is absent in each case, so that the possibility that stones are from urea-splitting urinary tract infections is excluded in this work. By means of infrared calibration curves [9] , which were built up for both the monohydrated and dihydrated calcium 0171-.967X/79/0028/0215 $02.20 oxalate, we estimated that the approximate average proportion of calcium oxalate was around 8% by weight.
IR absorption spectra were recorded on a Perkin-Elmer 457 Spectrophotometer; absorption cells were prepared using the KBr disk technique. X-ray diffraction patterns were obtained on a Philips PW 1050 X-ray diffractometer, using Ni-filtered CuKo radiation. Determinations for Ca and Mg were carried out with a double-beam Perkin-Elmer 305B Atomic Absorption Spectrophotometer. Phosphorus was determined by the use of the conventional colorimetric procedures.
Carbonate apatites were synthesized by the method described in ref. 3 . The synthesis of stoichiometric and nonstoichiometric hydroxyapatites was carried out following the procedure described in ref. 1 and additional references therein.
The biological samples were provided by Dr. L. Cifuentes of the Urolithiasis Laboratory 9 Fundaci6n Jimenez Dfaz, Madrid.
Calcination Effects on Apatites

Noncarbonated Apatites
Nonstoichiometric pure hydroxyapatites have the general formula [7] :
where we name the parameter x the degree of deficiency. Under heating from 200 ~ to 700~ these compounds continuously lose "'structural water" through dehydration of the HPO]-ions to give pyrophosphate ions [10. 11] . Since the resonant equilibrium [1] [2] [3] between the HPO] ions and the water molecules of [1] is broken, the internal system HzO, OH , PO] has to evolve in order to recover the dynamic equilibrium between the HPO4-ions and the water molecules 9 Thus formula [1] transforms into:
where the P._,O 4 ions have been considered within the apatitic structure because the IR bands of the P._,O~-ions in calcinated apatites (Fig. lb) are clearly modified with respect to the pure calcium pyrophosphate 9 In fact. besides the band at 715 cm -~ in Fig. la , which is distorted with respect to that in Fig. lb , the P20, 4--band at 495 cm -t does not appear in Fig. la . Moreover, the X-ray diffraction pattern of the same sample as in Fig. la Fig. 1 . IR spectra of a calcinated apatite with la ) P20 ~ ions within the apatitic lattice; (b) P20~ ions outside the apatitic lattice For the moment in which compound [3] is obtained, no new P_,O 4 ions can be formed, whether the mechanism of proton migrations occurs or not. because [3] must be considered as a special mixture of stoichiometric hydroxyapatite, calcium pyrophosphate, and water, (4 -x)/4 Ca,~(PO4)6(OH).,'3x/4Ca2P,,Or 9 3x/4HeO [4] and if new P20r ions were formed, the Ca/OH and Ca/P ratios of the resulting compounds would display values outside the range of the apatitic family against the experimental evidence that under heating to 1000~ only apatitic specimens can be found in addition to calcium pyrophosphate and fl-calcium orthophosphate. Part of the structural water lost between 200 ~ and 700~ might arise from the HPO4 ions and the remainder from the structural water itself 9
8o
I ~ Heating above 700~ the stoichiometric hydroxyapatite and the calcium pyrophosphate react to give/3-Ca3(PO4)._, [13] . The value of x in formula [1] can vary from 0 to 2 [7] . If x -> 1, the dehydration of [4] yields: (x -1)Ca.,P._,O~ + (4 -x)Ca:~(PO4)._, If x < 1, one obtains:
For the special case of an apatite with x = 1, only /3-Ca3(PO4)z will be obtained [14] . Figures 2, 3 and 4 show the IR spectra and a significant region of the X-ray diffraction pattern of apatites with values of x smaller and larger than 1, respectively, heated at 750~ for 3 h. A certain number of pyrophosphate ions are included in the apatitic structure as evidenced by the existence of the bands at 3540 and 670 cm-' in the superposition of the IR spectra of calcium orthophosphate and stoichiometric hydroxyapatite in Figure 2 (x < 1) [12] . The dashed spectrum in Figure 2 corresponds to that of stoichiometric hydroxyapatite and it has been included as a standard. In Figure 3 one observes the superposition of the spectra corresponding to the nonperturbed calcium pyrophosphate and /:3-calcium orthophosphate, in agreement with the value x > 1 in the composition of the initial apatite. The same conclusions can be drawn from the X-ray diffraction patterns of Figure 4 .
Carbonate Apatites
When a stoichiometric B-carbonate apatite (i.e., carbonate apatite without HPO]-ions) is heated at high temperature, the residue contains stoichiomettic hydroxyapatite and calcium oxide. This is evident in the IR spectrum of Figure 5 , where the CaO band at around 270 cm ' is certainly present by comparison with the spectrum of a pure stoichiometric hydroxyapatite.
The stoichiometric B-carbonate apatite is given by the formula [3] : 3xc/2CaO + Cal0_sx~,,~(PO4)a 3x~..,(OHl2-xu,.
The Ca/P and Ca/OH ratios of the resulting phosphate are those of the stoichiometric hydroxyapatite.
The formula for the stoichiometric A-carbonate apatite is [15] : Ca,0(P04)6(CO3)" H20 [6] which by decarbonation and dehydration transforms also into stoichiometric hydroxyapatite.
Apatites Containing Magnesium
In biological calcification experiments magnesium is frequently detected in apatites [16] . It has been pointed out that this magnesium occupies only calcium sites on the apatitic surface [17] . Because magnesium cannot form part of the apatitic lattice [17] , its net effect is stopping and/or inducing dislocations in the apatitic crystal growth, thereby decreasing the crystallinity of the resulting compound. Similar to the case of a pure nonstoichiometric calcium hydroxyapatite, when a nonstoichiometric Mg-containing calcium apatite is calcinated above 700~ a mixture of either stoichiometric hydroxyapatite and orthophosphate or pyrophosphate and orthophosphate is formed. According to the amount of magnesium present in the initial sample, the possible resulting orthophosphate will contain a variable proportion of magnesium:
Ca,~_,Mgy(PO4)4, 0 -< y <-1 whose IR spectra (Fig. 6 ) and X-ray diffraction patterns ( Fig. 7 ) are similar to those of pure fi-calcium orthophosphate [11], although they can be distinguished either by the width of the bands or by the shift of the X-ray lines [17] . The stoichiometric hydroxyapatite resulting from calcinating an apatite with magnesium does not contain any quantity of magnesium, whereas if pyrophosphate is formed, it will be a mixture of both Ca and Mg pyrophosphate. with widely variable proportions of CO3. Then, for obtaining the average proportion of carbonate apatite in the samples, one must first know the approximate chemical formula that this compound has in each of these samples. Therefore, in order to determine the proportion of carbonate apatite in the calculi, one cannot simply apply any conventional method of CO:~ analysis. We have used the following combined procedure:
In a series of samples with different CO:~ contents determined using the Conway method [19] , the value of x,. is calculated from formula [7] . From Figure  9 , it can be observed that the value of x~ tends asymptotically towards 1 for large values of Na._,CO3 in the initial solution. This limiting value corresponds roughly to 50% of the maximum theoretical content of CO~. The absorbance ratios between the bands at 1420 cm ~ (CO3) and 1035 cm-' (PO~) are measured on the IR spectra of the synthetic A-B carbonate apatites. These ratios are plotted against the values of xc in Figure 10 . It is now possible to In the biological samples, A-B carbonate apatites appear frequently mixed with other noncarbonated apatites, calcium oxalates, and ammonium magnesium phosphate [16] . So that the proportion of carbonate apatite can be determined, calibration curves have been constructed for every synthesized sample, selecting the absorption at 1420 cm ' as the key band. This curve was fitted in each case to the calibration IR line, y = ax + b, by means of the minimal square method. Plotting a and b versus the x-value obtained according to the procedure described in the preceding paragraph for each sample, we obtained curves (Fig. 11 ) in which the amount of carbonate apatite in each sample can be easily calculated by simply recording the IR spectra.
We note that if we use conventional methods for measurement of the CO:~ content in carbonate apatite [19] , we cannot form any conclusion about the average proportion and the average chemical formula for carbonate apatites in the samples, because there does not exist any a priori defined composition for these carbonate apatites which constitute a family of compounds whose proportions in COa run from zero to around 50% of the theoretical maximum value of substitution.
In order to determine the magnesium contained in apatites of calculi, we have first studied the thermal reaction at 750~ for 2 h between magnesium pyrophosphate and stoichiometric hydroxyapatite in different proportions. The following reaction takes place:
Calo(eo4)6(OH):2 + Mg.~P2OT~2Car, Mg(P04)4 + H.,O [8] as evidenced by the absence of the bands corresponding to stoichiometric hydroxyapatite and magnesium pyrophosphate (whose IR spectrum is similar to that of calcium pyrophosphate) in the IR spectrum of the product of thermal reaction at 750~ between these two compounds at molar ratio 1:1 (Fig. 12) . For other molar ratios, in addition to Ca.~Mg(PO4)4, the spectra show either stoichiometric hydroxyapatite (ratio > 1) or magnesium pyrophosphate (ratio < 1). For this reason the compound whose spectrum is given in Fig. 12 has to correspond to CasMg(PO4)4. This spectrum is similar to that of CadPO4)._,, except that the PO4 vibration bands appear broader and more poorly resolved than in the last compounds. The X-ray diffraction pattern of Ca.~Mg(PO04 shows the same lines as seen in the pattern for CadPO4)2 (see Fig.  7) ; however, the position of the CasMg(PO4)4 lines is shifted towards smaller d-values [17] . The pyrophosphate in formula [8] can be bound to either calcium or magnesium ions. This provides us with an additional degree of freedom to be taken into account in the determination of the initial apatite composition. To study this, we calcinated a series of samples formed with calcium pyrophosphate and magnesium pyrophosphate in variable proportions at 750~ for 2 h with stoichiometric hydroxyapatite which was in a constant, slightly larger than 1:1, proportion with respect to the total amount of The curve in Figure 13 gives the shift measured for the X-ray orthophosphate line 217 against the initial Mg/Ca ratio. Thus, under heating at 750~ for 2 h, the quantity of magnesium in a calculus can be estimated from the curve of this figure. In Figure 14 we show the variation of the intensity ratio between X-ray determination of the pyrophosphate formed in the calcination at 750~ for 3h, of nonstoichiometric hydroxyapatites the X-ray lines 217 of orthophosphate and 211 of hydroxyapatite in the X-ray patterns recorded on the residues of the above thermal reaction, versus the Mg/Ca initial ratio expressed as 100 9 Mg2PzOJ (MgeP20. + Ca2P200. The determination of the degree of deficiency, x, is carried out by the following procedure: different mixtures of stoichiometric hydroxyapatite and calcium pyrophosphate are heated at 750 ~ C for 2 h. X-ray diffraction patterns for each sample are recorded, and the curve giving the hydroxyapatite/ pyrophosphate molar ratio versus the intensity ratio between the X-ray lines 211 (hydroxyapatite) and 217 (calcium orthophosphate) is built up (Fig. 15) . Since the reaction between the hydroxyapatite and pyrophosphate is not complete, and some amount of the latter always remains within the apatitic lattice [12] at high temperature, the IR calibration curve of the pyrophosphate has been used for the key band at 715 cm 1. The equation representing this curve is A = 2.09m -0.09, where A is the absorbance at 715 cm -1 and m is the quantity of pyrophosphate in milligrams. In this way, it becomes possible to get the value of x for an apatite from the data obtained in the X-ray diffraction pattern and the IR spectrum of its products of calcination. From [4] we obtain: (PP/HA),R + (PP/HA)~x = (4 -x)/3x [9] where PP = pyrophosphate and HA = hydroxyapatite. It is clear that the precision of our procedure to determine the degree of deficiency depends, as in the methods for determining the CO3 and Mg contents, on the characteristics of the instruments we are employing.
Conjoint Determination. Application to Renal Calculi
The independent determinations of the proportions of CO3 and Mg, and of x. are not significant in practice because apatites in renal calculi or any biological system contain at least all three of these variables which influence each other. For example, as has been seen, the calcination of carbonate apatites yields 3x J2 moles of CaO. It can be checked by IR spectroscopy that at high temperature, CaO reacts with Ca2P207 formed by dehydration of the HPO4 to give:
CaO + Ca2P._,O7 ~ Ca:~(PO~)~ [10] In this way, the determination of the degree of deficiency by calcination is affected by the presence of CO.~. The CO:~ contained in the apatitic lattice gives rises to two opposite effects: (a) The quantity of hydroxyapatite formed when a certain proportion of CO:~ exists is affected by a coefficient 1 -x~./4. Therefore, when the proportion of CO3 increases, the proportion of stoichiometric hydroxyapatite decreases. (b) The pyrophosphate reacts with both the calcium oxide and the stoichiometric hydroxyapatite. As a consequence the final quantity of stoichiometric hydroxyapatite will increase with increasing initial [CO:~]. The total balance of these two effects is that the final quantity of stoichiometric hydroxyapatite depends on the initial proportion of CO3 included by a factor 5xr Therefore, formula [9] transforms into:
(PP/HA)m + (PP/HA)xR = (4 -x -xc)/3fx -x~.)
Ill]
If a certain amount of calcium oxalate appeared in the sample, the CaO formed by calcination from this compound would also affect the value of x. This is true only for the case of x > 1 because, in the contrary case, all the pyrophosphate either remains in the apatitic lattice or is wasted in the reaction with the stoichiometric hydroxyapatite and/or the calcium oxide originated from carbonate apatite.
The presence of magnesium also influences the determination of the second term on the left-hand side of formula [11] . It has already been pointed out that magnesium affects the intensity ratio of the Xray lines 217 (orthophosphate) and 211 (hydroxyapatite). To obtain a "'good" value of (PP/HA)xR we must correct the intensity ratio hydroxyapatite/orthophosphate measured in the X-ray diffraction pattern of the calcinated sample with the aid of the curve of Figure 14 .
The proportion of CO3 and Mg, and the value of x, can be obtained in the apatites of renal calculi. The results are referred to a generic calcium apatite of formula, Results are given in Table 1 , where we also include the values for the Mg/Ca and (Ca + Mg)/P ratios determined by conventional methods. It has been qualitatively checked by infrared spectroscopy, X-ray diffraction, electron microscopy, and selected-area electron diffraction that the differences between the results obtained by these two procedures are due to the presence in the original samples of: some amount of calcium oxalate, very small proportions of compounds other than apatite s containing magnesium, nonapatitic phosphates, etc. ; and to the existence of calcium and magnesium bound to organic matter, organic phosphates, etc. In general, any difference between the results obtained by the conventional methods and the thermal procedure, suggested in this work, arises from the presence in the calculi of chemical species, other than apatite, containing PO]-, HPO]-, Ca 2+, and Mg "+. It cannot be determined using conventional methods whether these ions are or are not contained in nonapatitic specimens. Therefore, conventional methods do not guarantee a "'good" determination of the apatite composition in samples where nonapatitic species containing PO]-, HPO~ , Ca ~+, and Mg 2+ exist.
When the degree of deficiency value, x, is smaller than or equal to 1 (which is the case to be generally expected in renal calculi because of the relatively low value of the pH in the sites where the mineralization occurs), there are theoretical reasons which may ensure that the CaO external to apatite (arising, for example, from calcium oxalate) does not participate in the thermal reactions of apatites (see formula [4] and explanations thereafter). Reaction between stoichiometric hydroxyapatite and calcium and magnesium pyrophosphates formed, for example, from MgNH4PO4, MgHPO4, CaHPO4, is theoretically allowed when x -< 1. Nevertheless, by selecting a final temperature of calcination of 750~ and a calcination time of 2 h, at that temperature we have checked that the thermal transformation of the compound given by [4] is never complete. Thus no free stoichiometric hydroxyapatite remains to react with the calcium and magnesium pyrophosphates that arise from nonapatitic compounds. In order to evaluate the final total proportion of pyrophosphate in the samples when x > 1, it is necessary to determine the proportion of calcium oxalate in the original sample. Then, we calculate, according to reaction [10] , the calcium orthophosphate originated from the original calcium oxalate proportion. The molar concentration of the so-determinated calcium orthophosphate is finally added to the molar concentration of calcium pyrophosphate determined by the calcination method. It was not necessary to do so in sample 12, which is the only one in our collection with x > 1, because no oxalate was present in it.
Some of the studied renal calculi were totally (sample 12) or partially (samples 2.3, 5, 6, 11. and 16), constituted by magnesium whitlockite. This compound arises, through a hydrogen migration mechanism, from a nonstoichiometric apatite with critical values for the degree of deficiency, x, and the magnesium proportion 117). Therefore, the calcination procedure becomes also applicable to this kind of sample. This has been confirmed in sample 12 where the values obtained for the Mg/Ca and Ca/ P ratios correspond closely to those of typical whitlockite [20] .
